Catechol, by itself, and mono-substituted catechols are active in part against Pseudomonas, Bacillus, but not Penicillium species. Many flavonoids and catechol derivatives turned out to be as antimicrobial agents. 1) In this connection, in order to synthesis catechol derivatives, we studied the electrochemical oxidation of benzenediols in the presence of CH acid nucleophiles, 2-4) SH acid nucleophiles, 5-9) nitrite ion 10) and triphenylphosphine. 11) Also, it is demonstrated that, in comparison with simple catechols, the "highly oxygenated compounds with catechol ring" exhibit interesting biological activities.
Catechol, by itself, and mono-substituted catechols are active in part against Pseudomonas, Bacillus, but not Penicillium species. Many flavonoids and catechol derivatives turned out to be as antimicrobial agents. 1) In this connection, in order to synthesis catechol derivatives, we studied the electrochemical oxidation of benzenediols in the presence of CH acid nucleophiles, [2] [3] [4] SH acid nucleophiles, [5] [6] [7] [8] [9] nitrite ion 10) and triphenylphosphine. 11) Also, it is demonstrated that, in comparison with simple catechols, the "highly oxygenated compounds with catechol ring" exhibit interesting biological activities. 12, 13) Therefore, the development of a simple synthetic route for the synthesis of "highly oxygenated compounds with catechol ring" from readily available reagents is one of the major tasks. In this direction, we recently reported the synthesis of some "highly oxygenated compounds with catechol ring." 14) This idea prompted us to investigate the electrochemical oxidation of catechols in the presence of phenyl-Meldrum's acid as a nucleophile and represents a facile and one-pot electrochemical method for the synthesis of some new "highly oxygenated compounds with catechol ring." Also, an additional purpose of this work is the kinetic and mechanistic study of the electrochemical oxidation of catechols in the presence of phenyl-Meldrum's acid and the estimation of the observed homogeneous rate constants (k obs ) of reaction of electrochemically generated o-benzoquinones with this nucleophile by digital simulation of cyclic voltammograms.
Results and Discussion
Electrochemical Investigations The cyclic voltammogram of 1.0 mM catechol (1a) in aqueous solution containing 0.2 M acetate buffer (pHϭ5.0) shows one anodic peak (A 1 ) and the corresponding cathodic peak which correspond to the transformation of catechol (1a) to o-benzoquinone (2a) and vice-versa, within a quasi-reversible two electron process (Fig. 1, curve a) . [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The electrooxidation of catechol (1a) in the presence of phenyl-Meldrum's acid (3) was studied in some detail. Fig. 1 , curve b, shows the first cyclic voltammogram obtained for a 1.0 mM solution of 1a in the presence of 0.1 mM phenyl-Meldrum's acid (3). The voltammogram exhibits one anodic peak (A 1 ) and one cathodic peak (C 1 ) that shows decreasing in comparison to the cathodic peak of catechol (1a) in the absence of 3. In this figure, curve c is the voltammogram of 3 in the absence of 1a.
The effect of potential sweep rate on shape of cyclic voltammograms of catechol (1a) in the presence of phenylMeldrum's acid (3) was studied, too. It is seen that, proportional to the augmentation of the potential sweep rate, the height of peak C 1 increases. A similar situation is observed when the 3 to 1a concentration ratio is decreased. A plot of the peak current ratio (I pC1 /I pA1 ) versus the scan rate for a mixture of catechol (1a) and phenyl-Meldrum's acid (3) confirms the reactivity of o-benzoquinone (2a) toward phenylMeldrum's acid (3), appearing as an increase in the peak cur- rent ratio (I pC1 /I pA1 ) at higher scan rates (Fig. 2) . Furthermore, under these conditions, the current function for peak A 1 , (I pA1 /v 1/2 ), changes only slightly with increasing the scan rate.
Controlled-potential coulometry was performed in an aqueous solution, containing 0.20 mmol of 1a and 0.20 mmol of 3 at 0.35 V vs. SCE. The monitoring of electrolysis progress was carried out by linear sweep voltammetry (Fig.  3) . It shows that, proportional to the advancement of coulometry, the anodic peaks A 1 and A 2 decreases and disappears when the charge consumption becomes about 2e
Ϫ per molecule of 1a (Fig. 3, inset) . Comparison of these voltammograms with curve c in Fig. 1 reveals that the peak A 2 in Fig. 3 corresponds to the oxidation of phenyl-Meldrum's acid (3) .
Diagnostic criteria of cyclic voltammetry, the consumption of two electrons per molecule of 1a, and the spectroscopic data (IR, 1 H-NMR, 13 C-NMR and MS) of the isolated product, indicated that the reaction mechanism of electrooxidation of 1a in the presence of phenyl-Meldrum's acid (3) is EC (electrochemical and chemical reactions) mechanism 15) (Chart 1).
The 1,4-addition (Michael) reaction of phenyl-Meldrum's acid (3) to the ortho-benzoquinone intermediate 2b and 2c can conceivably occur at C-4 and C-5 resulting in products 4b or 5b and 4c or 5c, respectively (Fig. 4) . The 1 H-NMR spectra of the isolated products display two doublet peaks (with J about 2 Hz) in each case with "no vicinal" coupling constants (see Experimental, Characteristic of Products section) in support of structures 4b and 4c.
Accordingly, the electrochemical oxidation catechols with electron-withdrawing groups, such as 2,3-dihydroxybenzoic 24 Vol. 58, No. 1 acid, 3,4-dihydroxybenzoic acid, 2,5-dihydroxy-benzoic acid and 3,4-dihydroxybenzonitrile in the presence of phenylMeldrum's acid has been studied in detail by means of cyclic voltammetry and controlled potential coulometry. Contrary to the catechols with electron-donating groups (1a-e), our results indicate that the final products from oxidation of catechols with electron-withdrawing groups are "highly oxygenated compounds with benzoquinone ring."
Kinetic Studies A chart for the electrochemical oxidation of catechols in the presence of phenyl-Meldrum's acid (3) is proposed and tested by digital simulation. On the basis of an EC mechanism, the observed homogeneous rate constants (k obs ) of reaction of o-benzoquinones with phenyl-Meldrum's acid (3) have been estimated by comparison of the simulation results, (Fig. 5, curve b) , with experimental cyclic voltammograms (Fig. 5, curve a) . The transfer coefficient (a) was assumed to be 0.5, and the formal potentials were obtained experimentally as the average of the two peak potentials observed in cyclic voltammetry. The heterogeneous rate constants are estimated by use of an experimental working curve.
16) The procedure is performed for achieving the best fit between simulated and experimental cyclic voltammograms ( Table 1 ). The method is developed for a variety of scan rates and nucleophile concentrations.
As shown in Table 1 , the magnitude of the observed homogeneous rate constant (k obs ) is dependent on the nature and position of the substituted group on the catechol ring. The presence of electron-donating groups such as methyl (1b, d), methoxy (1c), or tert-butyl (1e) on the catechol ring causes a decrease in k obs . In addition, the presence of substituted groups in the C-4 position of the catechol ring that is a reactive site of o-benzoquinones (2) causes a decrease in the observed homogeneous rate constant (k obs ) ( Table 1 , comparison of 1b and 1d). In this study, because of the electron-donating and steric characters of the tert-butyl group in the C-4 position of the catechol ring, the least observed homogeneous rate constant (k obs ) belongs to 4-tert-butylcatechol (1e).
Conclusion
In this study, we have investigated the use of the electrochemistry for the synthesis of some new "highly oxygenated compounds with catechol ring" (4a-d) via oxidation of catechols 1a-d in the presence of phenyl-Meldrum's acid (3) in aqueous solutions. Final products are obtained via an EC mechanism, after consumption of 2e Ϫ per molecule of catechols (1a-d). The present results complete the previous report on the anodic oxidation of catechols in the presence of Meldrum's and methyl-Meldrum's acid. 14) In this work, we derived products 4a-d with good yields based on electrochemical oxidation under controlled potential conditions in aqueous solutions, without toxic reagents and solvents using an environmentally friendly method at a carbon electrode in an undivided cell. Also, the observed homogeneous rate constants (k obs ) were estimated by comparing the experimental cyclic voltammetric responses with the digital simulated results. The calculated observed homogeneous rate constants (k obs ) was found to vary in the order catechol (1a)Ͼ3-methylcatechol (1b)Ͼ3-methoxycatechol (1c)Ͼ4-methylcatechol (1d)Ͼ4-tert-butylcatechol (1e).
Experimental
Apparatus Controlled-potential coulometry, cyclic voltammetry, and preparative electrolysis were performed using an Autolab model PGSTAT 20 potentiostat/galvanostat. The working electrode used in the cyclic voltammetry experiments was a glassy carbon disc (1.8 mm 2 area) and a platinum wire was used as the counter electrode. The working electrode used in controlledpotential coulometry and macroscale electrolysis was an assembly of four carbon rods (31 cm 2 ) and a large platinum gauze constituted the counter electrode. The working electrode potentials were measured versus SCE (all electrodes from AZAR Electrodes). The homogeneous rate constants were estimated by analyzing the cyclic voltammetric responses, using the DigiElch simulation software. 17) C, H, N analyses were performed on a Vario EL III elemental analyzer.
Reagents All chemicals (catechols and phenyl-Meldrum's acid) were reagent-grade materials. Sodium acetate, solvents and reagents were of proanalysis. These chemicals were used without further purification.
Electroorganic Synthesis of 4a-d In a typical procedure, 80 ml of acetate buffer (pHϭ5.0, cϭ0.2 M) was pre-electrolyzed at potential of peak A 1 in an undivided cell, and then 1 mmol of catechol (1a-d) and 1 mmol of phenyl-Meldrum's acid (3) were added to the cell. The electrolysis was terminated when the decay of the current became more than 95%. The process was interrupted during the electrolysis, and the graphite anode was washed in acetone to reactivate it. At the end of electrolysis, a few drops of acetic acid added were added to the solution and the cell was placed in a refrigerator overnight. The precipitated solid was collected by filtration and washed several times with water. After washing, products were characterized by IR, 1 H-NMR, 13 C-NMR, and MS. The isolated yields after washing are reported. 
Characteristic of Products

